Two new long chain tryptophan compounds viz [3-(indolyl-3 H )-2-(N-octadecamido)]-methylpropionate (4) and sodium-[3-(indolyl-3 H )-2-(N-octadecamido)]-propionate (5) have been prepared and their¯uorescence properties (! max , 0 f , ( f , r ss , quenching) have been investigated in homogeneous media and in phosphatidyl choline vesicles. Both 4 and 5 in a membrane mimicking system of phosphatidylcholine vesicles show blue-shifted emission maxima but higher quantum yields of¯uorescence as compared to tryptophan. The steady state anisotropy values show that the molecules are immobilised in the membrane. While both the¯uorophores show single exponential uorescence decay pro®le in homogeneous media, a triple exponential¯uorescence decay is observed in vesicular medium. Thē uorescence of both the compounds are quenched by retinyl polyenes viz. retinal and retinyl acetate. The extent of quenching is more in organised media of vesicles as compared to organic solvents. A comparison of the¯uorescence data for 4 and 5 with those for retinalbinding protein bacteriorhodopsin and the apoprotein bacterioopsin reveals some similarities in the nature of interaction between retinylidene polyenes and 4 and 5, and between retinylidene Schiff base chromophore and tryptophan residues in the protein.
Introduction
The¯uorescence properties of indolic compounds have been extensively studied because of the utility of the indole chromophore as an intrinsic probe for the microenvironment of proteins and enzymes [1, 2] . Most of the studies have been directed to obtain information about location and excited state properties of these chromophores in biological systems. The indole containing tryptophan residues are believed to play an important role in anchoring of proteins in membrane. Studies using indole compounds have also been made to investigate the nature of water±tryptophan interactions in polypeptides and proteins spanning the membrane bilayer [3, 4] . However, use of tryptophan as a probe is limited because of the fact that tryptophan has a nonexponential¯uorescence decay, and more than one tryptophan residue is usually found in most proteins. Very recently some novel indole compounds such as N-alkylindoles capable of forming vesicles [5] and N 1 -methyl-7-azatryptophan [6] showing single exponential long-lived¯uorescence decay and high¯uorescence quantum yield have been reported.
Herein we report synthesis and¯uorescence studies of previously unreported tryptophan compounds viz, [3-(indolyl-3 H )-2-(N-octadecamido)]-methylpropionate (4) and sodium- [3-(indolyl-3 H )-2-(N-octadecamido)]-propionate (5), bearing long alkyl chains, which show¯uorescence properties useful for their use as¯uorescence probes. We have also studied the interaction of 4 and 5 with retinylidene polyenes which are known to undergo interaction with tryptophan and exhibit unique electrooptical features [7, 8] .
Experimental

General
Tryptophan (1), stearic acid, sodium dodecyl sulphate (SDS) and cetyl trimethylammonium bromide (CTAB) were purchased from Sisco Research Laboratories, Mumbai, India. Retinal and retinol acetate were from Sigma (USA). L--phosphatidylcholine was obtained from Centre for Biochemical Technology, New Delhi. UV±VIS measurements were made on a Shimadzu 160 spectrophotometer. IR spectra were recorded on a Nicolet Impact 400 FTIR spectrophotometer. NMR spectra were recorded on a Varian VXR-500 MHz spectrometer. All solvents used were of analytical grade from Ms. Spectrochem, Mumbai. Micelles were prepared by dissolving the required amount of surfactants in deionized, double distilled water. Compounds 4 and 5 were incorporated in micelles by injecting tetrahydrofuran solutions (3 ml, 1Â10 À2 M) of 4 and 5 in micelles followed by brief sonication using Branson B-12 soni®er (250 MHz, 5 min).
Synthesis of compounds
Synthesis of 4 and 5 is outlined in Scheme 1. The hydrochloride salt (2) of the methyl ester of tryptophan was prepared as described elsewhere [9] . m.p.: 213±2148C (lit. [9] m.p.: 215±2168C).
Preparation of the active ester (3) of stearic acid
Stearic acid (2 g, 7.03 mmol) and N-hydroxysuccinimide (0.8 g, 7.03 mmol) were taken in a round-bottomed¯ask and 35 ml dry dimethylformamide (DMF) was added. The mixture was stirred and cooled to 0±58C and dicyclohexylcarbodiimide (DCC, 1.45 g, 7.03 mmol) was added.The mixture was stirred for one and half hours at 0±58C. A small pinch of dimethylaminopyridine (DMAP) was also added to catalyse the reaction. Care was taken to avoid the contact of the reaction mixture with moisture. The mixture was kept overnight at 48C.
Coupling of methylester (2) of tryptophan with the active ester (3) of stearic acid
The hydrochloride of the methylester of tryptophan (2, 1.78 g, 7.03 mmol) was taken in DMF and was neutralised (to neutral pH, 7.0) by triethylamine. Active ester 3, was then added and the mixture was kept overnight at 48C. The reaction mixture was then brought back to room temperature and extracted thoroughly with diethylether. The diethylether layer was dried with anhydrous sodium sulphate and the diethylether was then evaporated. The solid organic material was subjected to column chromatography over Al 2 
Preparation of sodium-
Compound 4 (0.2 g, 0.04 mmol) was taken in a roundbottomed¯ask and dissolved in methanol±acetone (10 ml, 60:40) mixture. Sodium hydroxide solution (2 M in water) was added slowly with ice cooling and stirring (te¯on). The disappearance of the original compound 4 was monitored by thin layer chromatography on silica gel with 30% ethyl acetate in petroleum ether (608±808C fraction) as solvent. The reaction was complete in about 2 h. Methanol and acetone were evaporated and the remaining mixture was extracted with diethylether. After usual work-up, diethylether was evaporated and when the white, solid sodium-[3- 
Fluorescence studies
The¯uorescence spectra of compounds 4 and 5 were recorded in different organic solvents, in SDS and CTAB micelles, and in phosphatidylcholine vesicles. The incorporation of the compounds in vesicles were done by following the procedure as described elsewhere [10] . Concentrations of phosphatidylcholine and compounds 4 and 5 were kept at 1Â10
À3 and 1Â10 À5 M respectively. Relative¯uorescence quantum yields (0 f ) were determined using L-tryptophan as standard (0 fs 0.135) [11, 12] . Fluorescence quenching studies were performed by addition of ethanolic solutions of retinal or retinol acetate (3 ml, 4.37Â10 À3 M) to the respective solutions of 4 and 5. The quenching constant values were determined taking the area of the emission spectra from 300 nm to 450 nm. Steady statē uorescence measurements were carried out on a Spex Spectro¯uorolog spectro¯uorimeter with a 450 W xenon lamp as light source. Steady state anisotropies of compounds 4 and 5 in vesicles were measured by putting a WG305 ®lter at the emission monochromator to eliminate scattering due to vesicles. Lifetime measurements were done with a picosecond laser excited time-correlated single photon counting experimental set-up. The excitation light source was a tunable picosecond dye laser pumped synchronously by the frequency doubled output (532 nm) of the mode locked CW Nd-YAG laser from Spectraphysics, USA. The UV pulses were used to excite the sample held in a quartz cuvette of 1 cm [2] cross section. The emitted uorescence was detected by MCP PMT 2809 U01 (Hamamatsu) and ampli®ed by a preampli®er HP 8447F. The excitation wavelength used was 290 nm. The instrument response had a full-width half maximum of 80 ps. All the measurements were carried out at 258C. For the lifetime measurements the concentrations of compounds 4 and 5 were 3Â10 À5 M.
Results and discussion:
3.1. Fluorescence emission maxima and quantum yields of 4 and 5
The¯uorescence emission and excitation spectra of compound 4 are shown in Fig. 1 . Fluorescence properties of compounds 4 and 5 are summarized in Table 1 . Similar to indole¯uorescence [13] , the¯uorescence maximum of 5 shifts towards the red when solvent polarity is increased (Fig. 2) . In 50% methanol±water, 5 shows an emission maximum at 366 nm. However, in phosphatidylcholine vesicles the¯uorescence maximum of 5 shifts to 348 nm. In vesicular media, while tryptophan shows¯uorescence band at 363 nm, both compounds 4 and 5 show blue-shifted uorescence maxima. Also, the relative quantum yield of uorescence of 4 is higher in organised assemblies of micelles and vesicles. The Stokes shift value for 5 is found to be highest in 50% methanol±water mixture. Table 1 Fluorescence data for [3- 
Lifetime measurements and polarisation studies
The¯uorescence lifetime and anisotropy data are shown in Table 2 . In vesicles, both compounds 4 and 5 show triple exponential decay as compared to homogeneous solvents where the decay is single exponential (Figs. 3 and 4) . Tryptophan itself shows a double exponential decay curve which is explained by the existence of three rotamers [14, 15] . The triple exponential decay of 4 and 5 can be due to the presence of three different rotamers and the magnitude of the lifetime values depended on the distance of the acceptor groups from the indole ring (Fig. 5) . It has been shown that the most electrophilic group nearer to the indole ring would show a shorter lifetime [14, 15] . Accordingly, ( 1 corresponds to the rotamer A in which less electrophilic peptide bond (±NH-CO±) is closer to the indole nitrogen; ( 2 corresponds to the rotamer C in which both the ester and peptide bonds are closer to the indole ring; and ( 3 corresponds to rotamer B in which more electrophilic ester group (as compared to ±NH-CO±) is closed to the indole ring. The single exponential decay in homogeneous media may be due to the similar unresolvable lifetimes of rotamers or, due to rapid rotational motion, the lifetimes average to a single exponential. Similar triple exponential decay of a tryptophan-retinal Schiff base has earlier been observed in reverse micellar systems and has been explained by the rotamer model [16] . According to this model during the excited-state lifetime of the molecule there exists conformations around C ±C bond that do not interconvert. The different lifetimes of the rotamers arise from different distances of the acceptor group from the indole ring in the charge-transfer interaction. Further, for compound Nacetyl-L-tryptophan ethyl ester also a biexponential decay pro®le was observed by Petrich et al. [14] . and was explained by the rotamer model taking into consideration the electrophilicities of different acceptor groups. Organised media responsible for the restricted rotation of the conformers can provide different extent of solvation and hydrogen bonding to the rotamers. The decrease in lifetimes of the¯uorophores in phosphatidylcholine vesicles media can also be due to the presence of the carbonyl and phosphate groups in the membrane lipid which can act as quenchers. The reduced lifetime of 4 as compared to 5 is in agreement [15] with the fact that the quenching ef®ciency of ±COOMe is greater than that of ±COO À . The motional freedom of a¯uorophore is re¯ected in the values of steady state anisotropy (r ss ) which has been examined for compounds 4 and 5. In homogeneous media the steady state anisotropy values are found to be very low. However, the anisotropy value increases when 4 and 5 are incorporated in vesicles (Table 2) suggesting that the compounds get to some extent immobilised in the lipid bilayer. The results can be analysed in terms of a form of Perrin relationship [17] , r r 0 af1 (a0g where (¯uores-cence lifetime of the¯uorophore, 0rotational correlation time of the¯uorophore, and r o anisotropy in highly viscous medium. From the present results it is evident that when thē uorophores are incorporated in vesicles, the lifetime decreases and the anisotropy value increases. This is possible only when 0 r increases. This means that the solutes are indeed immobilized in a large particle whose tumbling motion is considerably slower than the¯uorescence lifetime.
In comparison to some recently reported interesting probes, viz. 7-aza-tryptophan and N 1 -methyl-7-azatryptophan, compound 5 has higher quantum yield and increased lifetime values as compared to tryptophan and 7-azatryptophan but less when compared to N 1 -methyl-7-azatryptophan 4 (Table 3) . Thus, attachment of a long alkyl chain to tryptophan increases ( f and 0 f which are useful probe properties.
Quenching of the fluorescence of [3-(indolyl-3 H )-2-(Noctadecamido)]-methylpropionate (4) and sodium-[3-(indolyl-3 H )-2-(N-octadecamido)]-propionate (5) by retinal and retinol acetate in different media
Since retinylidene polyenes are reported to undergo intimate interaction with tryptophan residues in certain photoreceptors of the opsin family [18±22], we have studied the quenching of the tryptophan¯uorescence by retinylidene compounds viz. retinal and retinol acetate. Both retinal and retinyl acetate are found to quench the¯uorescence of 4 and 5. The Stern±Volmer constants (K SV ) and the quenching constant values are presented in Table 4 and Fig. 6 . It is found that the quenching constant value (k q ) is more for vesicular media than that for homogeneous media and with the increase in quencher concentration, the emission maxima of both 4 and 5 shifts towards blue for retinal, but towards red for retinol acetate (Fig. 7) .
The quenching constants are found to be unusually high as compared to the normal collisional quenching constant values. Similar type of values were obtained when reverse micellar tryptamine was quenched by retinal. The observed higher quenching constant values in vesicles as compared to organic solvents is due to the close proximity of the probe and the quencher in vesicles whereas they are in random motion in homogeneous medium. Because of the lipophilic nature of the retinoids, their location is in less polar region in the membrane where the probe molecules are located. Thus, ef®cient quenching is observed. The different types of shift for retinal and retinol acetate shows that they interact differently with 4 and 5, in both homogeneous and vesicular media. The reason for this shift is not very clear however. This may either be due to the interaction of the surrounding medium with the¯uorophore or from the excited state relaxation processes or the combined effect of both.
Comparison of the fluorescence of model chromophores with bacteriorhodopsin fluorescence
The interaction of the tryptophan compounds with retinylidene compounds is relevant to the opsin family of proteins such as bacteriorhodopsin where tryptophan and retinal undergo non-covalent interactions [18±23] . As the protein bound tryptophan residues are buried in membrane bilayer, a comparison of the model compounds in vesicles can be made with the native protein. The structural and functional properties of retinal-proteins are a re¯ection of the sensitivity of the chromophore with the surrounding apoprotein and the retinylidene chromophore which undergoes intimate interactions with the amino acid residues in the active site. The three dimensional structure of . It is further known that Trp-182 is located above the central polyene chain whereas Trp-189 lies below the - [6, 30] . c [11, 12] . d [32] . ionyl ring forming a sandwich type geometry. While sidechains of Asp, Arg, Tyr, etc. can be directly implicated in the active site electrostatic interaction and proton channelling in bacteriorhodopsin, the role of the tryptophan-residues is far from clear. Mutation of some of these residues affects the conversions among the intermediates of the photocycle of bacteriorhodopsin, (e.g., the L to M conversion [25] ) and proton pumping [26] . It has been suggested [27] that Trp-86 is involved in the stabilisation of the side chains of Asp-212 by hydrogen bond to the indolyl NH. Some¯uorescence studies on bacteriorhodopsin have shown that Trp can transfer its excitation energy to the retinylidene chromophore in the native protein [28±34] . Recently, Fourier transform infra-red difference spectroscopic studies have indicated the perturbation of Trp in the L intermediate [27] . UV spectral changes due to the perturbation of Trp residues in the L intermediate have also been reported [18] . The mutation of Asp-96 or Asp-115, which are close to Trp-182 causes a 1±2 cm À1 shift of the 3486 cm À1 band (due to indolyl NH of Trp) in bacteriorhodopsin. The importance of Trp-retinal interactions has also been highlighted by several other studies [18±22,35] . A theoretical study [35] on the colour control mechanism in retinal proteins has been undertaken and results show that electrostatic interactions between Trp and Tyr residues with respect to the retinal chromophore also contribute to the spectral shifts.
A comparison of the data obtained for 4 and 5 in vesicular media with the available data [36] for bacteriorhodopsin and bacterioopsin reveals some similarities ( Table 5) 6 M and the corresponding lifetime values for the K, L and M intermediate). Thus a comparison of the data for vesicular 4 and 5 with available data for bacteriorhodopsin reveals the possibility of energy transfer to retinal from tryptophan residues located in the vicinity of the retinal pocket in 
